The photoacoustic technique under heat transmission configuration is used to determine the effect of doping on both the thermal and transport properties of p-and n-type GaAs epitaxial layers grown on GaAs substrate by the molecular beam epitaxial method. Analysis of the data is made on the basis of the theoretical model of Rosencwaig and Gersho. Thermal and transport properties of the epitaxial layers are found by fitting the phase of the experimentally obtained photoacoustic signal with that of the theoretical model. It is observed that both the thermal and transport properties, i.e. thermal diffusivity, diffusion coefficient, surface recombination velocity and nonradiative recombination time, depend on the type of doping in the epitaxial layer. The results clearly show that the photoacoustic technique using heat transmission configuration is an excellent tool to study the thermal and transport properties of epitaxial layers under different doping conditions.
Introduction
Photoacoustic (PA) and photothermal methods have emerged as valuable research and analytical tools in the study of material properties [1, 2] . Since the PA technique can directly monitor nonradiative processes, it is widely used to characterize the thermal, transport and optical properties of semiconductors [3 -8] . The thermal waves generated in the coupling medium within the PA cell following illumination of the sample with chopped optical radiation induce pressure fluctuations in the ambient gas column, which in turn produce the PA signal. The PA signal thus generated depends not only on the amount of heat generated but also on how the heat diffuses through the sample and how it is exchanged with the surroundings. As is well known, the phase as well as the amplitude of the PA signal carries valuable information on the sample properties [1 -10] .
GaAs is an important semiconducting material with a wide range of applications in the electronic and optoelectronic industry. The power handling capability, reliability and performance of these devices depend on the thermal and transport properties of the semiconducting material. The material parameters are influenced by the doping concentration and the nature of the dopant [9 -11] . By making layered structures of these compound semiconductors, one can engineer the band gap of these materials. In recent years, the PA technique under heat transmission configuration has been effectively employed in characterizing the thermal and transport properties of semiconductor epitaxial layers [10] , especially in the low chopping frequency range [12] . In this paper, we investigate the influence of the nature of dopants (n-type Si doped and p-type Be doped) of GaAs epitaxial layers grown on GaAs substrate, by fitting the phase of the PA signal to the thermal piston model of Rosencwaig and Gersho [13] . The parameters used for fitting are thermal diffusivity, diffusion coefficient, nonradiative recombination time and surface recombination velocity.
Experimental
Optical radiation from an argon ion laser at 488 nm (Liconix 5000) was used as the source of excitation, which was intensity modulated using a mechanical chopper (Stanford Research Systems SR 540) before it reached the sample surface. Detection of the PA signal in the cavity was made using a sensitive electret microphone (Knowles BT 1754). The phase of the PA signal was measured using a dual-phase digital lock-in amplifier (Stanford Research Systems SR 830), which was highly sensitive and could read a change of 0.01° in phase angle occurring even for a small variation in chopping frequency (~2 Hz) so that the data obtained had a high degree of accuracy. The laser power used for the present studies was 50 mW with a stability of ±0.5%. The samples were fixed on the PA cell using vacuum grease at the edges and illumination by periodically modulated light was done on the exposed portion of the sample.
The samples used for the present study were Si-doped n-type GaAs epitaxial layer and Be-doped p-type GaAs epitaxial layer grown on 400 µm GaAs substrate by the molecular beam epitaxial (MBE) method. They were prepared by the Semiconductor Group, Technical University of Eindhoven, The Netherlands. The epitaxial layers had a thickness of 2 µm and a doping concentration of 2 × 10 18 cm −3
.
Theoretical background
In order to explain the behavior of our semiconducting samples, we resort to the thermal piston model of Rosencwaig and Gersho (RG), from which the pressure fluctuation δP in the PA cell due to periodic heating of the sample is given by [13] 0 0 g g
where P 0 (T 0 ) is the ambient pressure (temperature), l g is the length of the gas chamber, σ g = (1 + j) a g , where a g = (πf/α g ) 1/2 = 1/µ g (µ g is the thermal diffusion length in the gas with thermal diffusivity α g ), Θ is the sample temperature fluctuation at the sample-gas interface (x = 0) and ω = 2πf, where f is the modulation frequency. The geometry of the PA cell used for the present studies is shown in Fig. 1 .
In the case of semiconductors, if we excite the sample with an energy greater than the band gap energy, the heat power density and hence the temperature fluctuation Θ can be due to three processes, namely thermalization, bulk recombination and surface recombination processes. The thermalization component is due to fast intraband transition (of the order of picoseconds) of the electrons in the conduc- tion band. The bulk and surface recombination are due to nonradiative recombination of photoexcited carriers in the bulk and surface of the specimen, respectively. Taking into account these three distinct processes, the expression of the PA signal is
The first term represents the thermalization component, which dominates in the low chopping frequency range followed by the bulk and surface recombination processes. In Eq. (2) σ s = (1 + j) a s , where a s = (πf/α s ) 1/2 = 1/µ s (µ s is the thermal diffusion length of the sample),
E g is the band gap energy, hv is the incident energy, v and v 0 are the recombination velocity of photoexcited carriers at x = −l s and x = 0, respectively, D is the diffusion coefficient and τ is the nonradiative recombination time.
It is reported in [5] that the PA signal under the heat transmission configuration for GaAs samples in the thermally thick (l s σ s ӷ 1) region is essentially determined by nonradiative recombination processes. Thus the expression for pressure fluctuation is given by
and in the experimental frequency range for which ωτ Ӷ 1, it can be shown that the phase of the PA signal is given by
where eff 2 eff eff
. We took thermal diffusivity, diffusion coefficient, surface recombination velocity and relaxation time as adjustable parameters and then we fitted the variable part of Eq. (5) with the experimentally obtained phase angle ∆Φ. Figures 2 and 3 show the best theoretical fit to the experimentally obtained phase of the PA signal. The fitting program follows essentially the least squares method developed using MATLAB (version 6.1). Table 1 contains the values of the fitted parameters obtained by the fitting procedure for both n-and ptype GaAs epitaxial layers. The fitting procedure analysis resulted in the following accuracy of the fitted parameters: thermal diffusivity, ±2%; diffusion coefficient, ±5%; nonradiative recombination time, ±3%; surface recombination velocity, ±8%.
Results and discussion
It is obvious from Table 1 that the thermal diffusivity of doped epitaxial layer is less than the previously reported value of thermal diffusivity of n-type GaAs [5] . Thermal diffusivity is an important thermophysical parameter and it is a measure of how heat diffuses through the material in which a transient temperature change has occurred. The reduction in thermal diffusivity for the doped samples can be understood in terms of a dominant phonon contribution to the thermal conductivity. Particularly for thinlayered semiconductors, heat is transported by both phonons and carriers. However, the contribution to thermal conductivity from the phonons is much greater than that from the electrons. Addition of dopant introduces scattering centers in the lattice, which in turn reduce the phonon mean free path. This is also applicable to carriers. A decrease in the value of the mean free path reduces the thermal conductivity. It is also seen from Table 1 that the thermal diffusivity of the n-type epitaxial layer is slightly greater than that of the p-type epitaxial layer. This can be explained in terms of the effective mass of the photoexcited carriers. In the case of the p-type epitaxial layer, scattering is more effective than in the n-type epitaxial layer due to the greater effective mass of the holes. Here we assumed an isothermal contact between the doped/undoped layer so that the interface has negligible influence on our analysis. By considering the interface as a charge trapping region, both monolayer and double layer approximation yield similar results, especially in the low chopping frequency range [14] . The diffusion coefficient of a semiconductor is a very important quantity, which determines the distance traveled by the photoexcited carriers before their recombination [15] . The diffusion coefficient depends on the scattering processes, which control the mean free path of photoexcited carriers [16] . The PA signal, which depends on the diffusion and recombination of minority carriers, gives us an idea about the influence of dopant on the value of the diffusion coefficient. It is clear from Table 1 that the diffusion coefficient of the n-type epitaxial layer is less than that of the p-type epitaxial layer. This can be attributed to the fact that in the n-type epitaxial layer the minority carriers are the holes. At constant temperature, the diffusion coefficient is directly proportional to the mobility of the carriers. It also has an inverse square root relation with effective mass. The holes with higher effective mass move slowly resulting in a higher value of the diffusion coefficient for p-type material than that for n-type material. The surface recombination velocity has a very significant impact on the behavior of optoelectronic devices. Usually a surface contains a large number of recombination centers due to the presence of numerous dangling bonds at the surface. In addition, impurities can also act as recombination centers on the surface of a semiconductor wafer. It was reported previously that surface recombination velocity of the photoexcited carriers increases with an increase in doping concentration of the epitaxial layer [10] . The difference in surface recombination velocity may be due to the specific growth mechanism of the epitaxial layer. The highly polished surface of MBE-grown specimen results in a lower value for the surface recombination velocity. The present investigation reveals the fact that the dopant type strongly influences the surface recombination velocity of photoexcited carriers. It is clear from Table 1 that the p-type epitaxial layer has a surface recombination velocity that is greater than that of the n-type epitaxial layer. This effect can be understood from the fact that the PA technique is sensitive to recombination of minority carriers. The surface recombination velocity of the photoexcited carriers is given by the expression v = σv th N st , where σ is the capture cross-section for the photoexcited carriers, v th is the thermal velocity of the photoexcited carriers and N st is the number of trapping centers per unit area. Thus for a given doping concentration, the surface recombination velocity is directly proportional to the thermal velocity of the photoexcited carriers. However, at constant temperature the thermal velocity of the photoexcited carriers is inversely proportional to the square root of the effective mass of photoexcited carriers [17] . Thus the n-type epitaxial layer has a lower surface recombination velocity than the p-type epitaxial layer, which is in agreement with the present results.
The PA technique allows us to determine the nonradiative recombination time of the photoexcited carriers. The nonradiative lifetime (τ nr ) is related to the total lifetime (τ T ) through its relation with radiative lifetime (τ r ), given by 1/τ T = (1/τ r ) + (1/τ nr ). The nonradiative lifetime is an important quantity, which determines the quantum efficiency of semiconductor light sources. For a doping concentration as used in our studies, both the radiative and nonradiative lifetimes are comparable in magnitude. It is also clear that the nonradiative recombination depends on the nature of the dopant. Such an effect occurs because for a given doping concentration the nonradiative recombination time of carriers is inversely proportional to the thermal velocity of the photoexcited carriers through the relation τ nr = 1/N st v th σ, and hence it is directly related to the square root of the effective mass of the holes. The PA signal is dependent mainly on the mobility of minority carriers. Since holes have higher effective mass, the corresponding recombination time for the n-type epitaxial layer is more than that for the p-type epitaxial layer, which is evident in the present studies.
Conclusion
In this paper, we have carried out a PA investigation of the thermal and transport properties of the photoexcited carriers in both n-and p-type GaAs epitaxial layers grown on GaAs substrate by the MBE method. The values for thermal diffusivity, diffusion coefficient, surface recombination velocity and nonradiative recombination time are found by fitting the experimentally obtained phase of the PA signal to the theoretical curve. From the analysis of the data, it is verified that these thermal and transport properties depend upon the type of doping. By judging the sensitivity of fitting between the experimental and the theoretical data, we can conclude that thermal diffusivity and transport properties of epitaxial layers can be easily and accurately obtained using the PA effect under heat transmission configuration. It is also suggested that the PA technique is a valuable tool to study the dynamics of photoexcited carriers.
